INTRODUCTION
Over the past decade there has been considerable debate regarding the potential beneficial effects of herbivores on plants (Belsky 1986 , 1987 , McNaughton 1986 ). The basis of this continuing controversy has centered on whether the direct effects of herbivory can enhance plant fitness. Resolution has, until recently, been hampered by a lack of supportive evidence (see Belsky 1986 , Verkaar 1986 , Crawley 1987 .
A study by Paige and Whitham (1987a) has provided experimental evidence of fitness overcompensation in a natural system. When mule deer and elk browsed the monocarpic biennial Ipomopsis aggregata, seed production and subsequent seedling survival averaged 2.4 times that of the uneaten controls (Paige and Whitham 1987a) . ' Manuscript received 1 July 1991; revised 20 December 1991; accepted 28 January 1992.
The increase in fitness was largely due to a change in plant architecture; ungulate removal of the single inflorescence resulted in the production of multiple flowering stalks and subsequent increases in flower and fruit production. Because there were no significant differences between browsed and unbrowsed individuals in the number of seeds produced per fruit, seed mass, germination success, or subsequent seedling survival, an increase in total fruits produced by browsed plants resulted in an increase in relative fitness.
These results were particularly surprising when considering the amount of biomass removed. On average, 95% of the aboveground biomass or 72% of the plant's total biomass was removed by mule deer and elk, and yet overcompensation still occurred. Furthermore, aboveground compensation did not come at the expense of belowground biomass. The root systems of natural and experimentally clipped plants were 107% and 72% greater than those of the uneaten controls (Paige and Whitham 1987a, K. N. Paige, unpublished data). Therefore, overcompensation occurred both above-and belowground in response to mammalian herbivory.
These results raised a number of questions. For example, do multistemmed regrowth plants suffer defoliation by the same deer and elk that fed upon the initial shoots? If the attack rates were as high for the regrowth shoots as for the initial shoots, it would be hard to see how fitness could be increased, since repeated stem removal would likely deplete carbohydrate and protein reserves. Therefore, any benefit gained by browsed plants would seemingly depend on differential attack rates between initial and regrowth shoots (Crawley 1987). These issues, however, were not addressed in the initial study. In addition, how might the competitive effects of other plants alter I. aggregata's compensatory response? In recent reviews, Belsky (1986, 1987) suggested that overcompensation would most likely occur where grazing is moderate and where species grow in monoculture, free of interspecific competition. Empirical tests substantiating this supposition, however, are lacking.
Overall, both of these measures are important because the history of defoliation (Marquis 1984 Therefore, the goals of this paper are to extend our previous studies by assessing the effects of secondary herbivory and plant association on the compensatory outcome. In our initial study (Paige and Whitham 1987a) , plants were randomized across all habitat types. Thus, the effects of competition on the compensatory outcome were potentially masked (due to an underrepresentation of plants growing in association with pine). In addition, although secondary herbivory is rare at the site where our initial experiments were conducted (Northland Press [Arizona], 2133 m in elevation), high levels of secondary herbivory on I. aggregata were found to occur on sites higher in elevation (2500 m) where mule deer and elk migrate during the summer months.
METHODS AND MATERIALS

Organisms and study sites
Studies of the effects of plant association and subsequent herbivory on I. aggregata were conducted during the summers of 1986 through 1990 at Northland Press (elevation 2133 m) and on Fern Mountain (elevation 2500 m), near Flagstaff, Arizona. Ipomopsis aggregata is a biennial herb of western montane regions that flowers from early-mid July through late September (Paige and Whitham 1985, 1987a,b there were no significant differences between treatments [ Table 1 ] or among plants in stem diameter between these two habitat types, F = 1.39, df = 5,78, P = .24). Plants were -10 cm in height at the time of browsing. Plants that were experimentally clipped were chosen from the remaining pool of unbrowsed individuals following herbivory. The clipping treatments occurred -1-2 wk following natural herbivory, and the plants were therefore more advanced phenologically. Previous studies (Paige and Whitham 1987a) failed to show significant differences in relative fitness between naturally browsed and experimentally clipped plants, arguing that plant selectivity by herbivores had no effect on I. aggregata's ability to compensate or, alternatively, that herbivores were not selective. Therefore, plants within a treatment likely represented unbiased samples for comparisons. However, these results represent only a single experiment. Therefore, an experimental clipping treatment was incorporated. At the end of the flowering season plants were harvested and compared in terms of the number of flowers produced, number of fruits produced, number of seeds per fruit, seed dry mass, plant height, root dry mass, and shoot dry mass. Plants were not protected from subsequent herbivory by vertebrates or insects. Repeated bouts of vertebrate herbivory were rare at the lower-elevation site (Northland Press). Insect herbivores (primarily stemboring and meristem-feeding moths, Sparganothis belfrageana and Heliothis phloxiphaga, respectively) feed on I. aggregata at this site, and can cause a response similar to that caused by vertebrate herbivores (releasing apical dominance; K. N. Paige, personal observation, unpublished data). Early-instar larvae, which typically feed on or bore into rapidly dividing meristematic tissue, were likely removed through ingestion by vertebrate herbivores early in the season prior to the production of lateral shoots. Experimental clipping also caused the removal of any early-instar larvae present prior to lateral shoot induction. All plants, including controls, were carefully checked to ensure that there were no moth herbivores present before inclusion in these experiments.
Effects of secondary herbivory on scarlet gilia. -To assess the effects of secondary herbivory on I. aggregata, two experiments were conducted at a high-elevation site (Fern Mountain) where insect herbivores are rare and secondary herbivory is common. Plants were browsed by mule deer and elk. All plants in this experiment were growing within a few centimetres (10-20) of the grass Bromus inermis.
In the first experiment (1986), 30 plants of similar size (mean basal stem diameter =-4.5 mm, range 3-7 mm, F= 0.12, df= 2,29, P > .888; see Table 3) If single-stemmed plants (both natural and experimental) showed significantly higher levels of browse damage than multiple-stemmed plants, then results would suggest that plant architecture alone can affect subsequent herbivory. However, if natural singlestalked plants showed higher browse damage than either experimentally created single-stemmed or multiple-stemmed plants, one would conclude that there was some associated change in plant quality that reduced subsequent herbivory and that plant architecture would make little difference.
RESULTS
Plant association and the compensatory outcome
When plants were found in close association with pine or grasses (to add in the potential negative effects of competition), browsed plants still outperformed control plants. Plants that were naturally browsed or experimentally clipped produced significantly more flowers and fruits than uneaten control plants (Tables  1A and B ; least significant difference multiple-range test, P < .01). For example, when growing in association with grasses, browsed individuals produced 3.2 times as many flowers and 2.5 times as many fruits as plants that were not browsed. Similarly, experimentally clipped plants produced 2.0 times as many flowers and 2.3 times as many fruits as control plants.
Browsed plants growing in close association with pine produced 2.6 times as many flowers and 2.0 times as many fruits as plants that were not browsed. Furthermore, experimentally clipped plants produced 1.8 times as many flowers and 1.6 times as many fruits on the average as uneaten controls (fruit-set was, however, not statistically different from either naturally browsed or uneaten control plants). Because there were no significant differences in the numbers of seeds produced per fruit or seed mass among the three treatment groups (Tables 1 A and B) , fruit-set reflects relative plant fitness (as in Paige and Whitham 1 987a). Although there were no significant differences in those measures most closely associated with true fitness (i.e., fruits per plant, seeds per fruit, or seed mass) between naturally browsed and experimentally clipped plants, the significantly lower means in other plant attributes reflect the delay in the timing of the experimental clip, which was performed 1-2 wk following natural herbivory (Table 1) . Because sample sizes were relatively low, post hoc power analyses were conducted for each nonsignificant result for each experiment to assess the power of the F test (Cohen 1988: 359). In every case sample sizes were adequate to conclude that the null hypothesis is true at an alpha level of 5% with a 99% probability.
As in earlier studies (Paige and Whitham 1987a, K. N. Paige, unpublished data), both above-and belowground biomass was significantly greater for naturally browsed plants following regrowth (Tables 1 A and B; least significant difference multiple-range test, P < .01), even though plants were initially of the same size (as measured by stem diameter). Therefore, aboveground compensation did not come at the expense of belowground biomass.
Secondary herbivory and the compensatory outcome
Over the 5-yr period of this study, on the average, 77% of all plants were browsed by ungulate herbivores sometime during the flowering season. Of these, 33% were subsequently browsed ( Table 2) .
The removal of I. aggregata's single inflorescence stimulated the production of, on average, five new flowering stalks from dormant lateral buds along the remaining portion of the plant's stem (Table 3; Table 4 ). In the 1986 experiment plants that were naturally browsed or experimentally clipped produced 2.3 times as many flowers and 1.5 and 1.7 times as many fruits, respectively, as plants that were not browsed (Table 3 ; least significant difference multiplerange test, P < .01). No significant differences in the numbers of seeds produced per fruit or seed mass among the three treatment groups were found (Table 3 ; least significant difference multiple range test, P < .01).
The 1987 experiment, designed to separate the effects of a single bout of herbivory from the effects of multiple bouts of herbivory, showed that plants that were secondarily browsed fully compensated, producing more, though not significantly more, flowers and fruits than plants experiencing only a single bout of herbivory (Table 4 ). Plants browsed once or more than once also produced significantly more flowers (producing 1.9 and 2.4 times as many flowers, respectively) and fruit (producing 2.0 and 2.4 times as many fruits, respectively) than control plants that were not browsed (Table 4 ; least significant difference multiple-range test, P < .01). Because there were no significant differences * Some plants experienced natural herbivory by deer and elk, others were clipped to simulate herbivory, and uneaten plants served as controls. Alpha levels were adjusted to the .01 level for all multiple-range tests to correct for multiple comparisons. Means with the same letters show no significant differences at the .01 level, least significant difference multiple-range test. n = number of plants. Tests were run on log-transformed or log(y + 1)-transformed data to equalize variances. in the numbers of seeds produced per fruit or seed mass among the four treatment groups (Table 4 ; least significant difference multiple-range test, P < .01), an increase in the total number of fruits produced by browsed plants resulted in an increase in relative plant fitness.
Approximately 13.5% of all plants were browsed after flowering. These single-stemmed plants equally compensated, producing as many flowers and fruits as uneaten control plants (Table 4) . These plants, however, produced significantly fewer flowers and fruits than plants that were browsed once early in the season or individuals browsed more than once. These plants typically produced short lateral shoots and additional flowers along the length of the remaining stem.
Plant architecture and subsequent herbivory Although I. aggregata initially benefits from high levels of mammalian herbivory, high levels of secondary herbivory on these same individuals would be detrimental. For example, when regrowth shoots (the new multiple inflorescences that are produced following removal of the plant's single inflorescence) were experimentally clipped (removing 95% of the aboveground biomass) to simulate high levels of secondary herbivory, plant fitness decreased by 70% (Table 5) . Field results, however, showed that compensatory growth by I. aggregata was accompanied by an apparent change in either plant quality or plant architecture that reduced the amount of tissue subsequently removed.
Experimental results designed to test the effects of plant architecture on plant herbivory did not support the idea that a change in plant architecture deterred high levels of secondary herbivory on I. aggregata. In 1987, 30% of the single-stemmed plants were browsed, 20% of the multiple-stemmed plants were browsed, and 12% of the experimental single-stemmed plants were browsed (X2 = 3.95, df= 2, P > .15). In the 1989 experiment, 67% of the single-stemmed plants were browsed, 54% of the multiple-stemmed plants were browsed, and 46% of the experimental single-stemmed plants were browsed (X2 = 2.33, df = 2, P > .30).
Although no significant differences in plant selection by ungulate herbivores were found among the three treatment groups in either year, there was a trend toward the selection of natural single-stemmed plants by ungulate herbivores. More importantly, there was a significantly greater amount of tissue removed from natural single-stemmed plants (66.2% of the stem, on average) than from either multiple-stemmed plants (14.1%) or experimental single-stemmed plants (24.8%) in these experiments (least significant difference mul- * Alpha levels were adjusted to the .01 level for all multiple-range tests to correct for multiple comparisons. Means with the same letters show no significant differences at the .01 level, least significant difference multiple-range test. n = number of plants. Tests were run on log-transformed or log(y + 1)-transformed data to equalize variances. tiple-range test, P < .05). Thus, there appears to be some change in plant quality that deters high levels of subsequent herbivory on plants that had been previously browsed. Even less is known about defensive plasticity (i.e., the use of alternative defenses in response to changing conditions). Typically we view plants as having only a single response (or line of defense) to herbivory, ignoring the potential for alternative avenues in response to changing conditions. Although I. aggregata initially benefits from high levels of mammalian herbivory, high levels of secondary herbivory on these same individuals would be detrimental. For example, when regrowth shoots (the new multiple inflorescences that are produced following removal of the plants single inflorescence) were experimentally clipped (removing -9 5% of the aboveground biomass), to simulate high levels of secondary herbivory by mule deer and elk, plant fitness decreased by -70%.
In regrowth shoots, however, only tips of the newly formed inflorescences were naturally browsed following stem elongation and flower bud formation. This secondary bout of herbivory, in which only a small portion of the plant's stem was removed, had no effect on the compensatory outcome ( (Table 4) . These single-stemmed plants equally compensated, producing as many flowers and fruits as uneaten control plants. Thus, earlyseason herbivory or multiple bouts of herbivory resulted in overcompensation by I. aggregata, while late-season herbivory on single-stemmed plants that had already flowered resulted in equal compensation. Therefore, the timing of herbivory is an important factor influencing the degree to which a plant can compensate (see also Maschinski and Whitham 1989) . Nonetheless, at the population level the most common response was still one of overcompensation.
Mutualistic to aptagonistic interactions: mechanisms
The mechanisms involved in I. aggregata's switch from a "mutualistic" interaction to an "antagonistic" interaction likely includes a change(s) in plant quality (e.g., reduced palatability through increased toughness, a change in nutritional quality, or an induced defense). Although changes in plant architecture alone could alter ungulate feeding behavior, experiments designed to test the effects of plant architecture on subsequent herbivory did not support the idea that a change in plant architecture deterred high levels of secondary herbivory on I. aggregata.
Although the phytochemistry of I. aggregata has not been extensively investigated, it is known to contain a number of phenolic compounds, including hydroquinone, scopoletin, related coumarin derivatives, and cucurbitacins, primarily cucurbitacin B (Arisawa et al 
Evolutionary implications
Before we can begin to understand the evolutionary interactions between plants and herbivores, it is necessary to ascertain the past and present selective pressure(s) involved in generating the observed plant-response patterns. Apical damage, for example, could be caused by a number of factors other than herbivory, including frost damage, desiccation, fire, pathogen attack, trampling, and breakage by wind (Benner 1988). The most likely selective agents involved in the destruction of apical dominance in this system, other than herbivory, include fire (which was a historical component of the system) and freeze damage (K. N. Paige, personal observation). Recent experimental results (Paige 1992 
